Standard quantities in chemical thermodynamics.

Fugacities, activities and equilibrium constants for pure and mixed phases (IUPAC Recommendations 1994)
Synopsis. The 
PREFACE
In the past, the IUPAC recommendations on symbols and terminology in physical chemistry have been published in three editions (respectively 1969, 1973, and 1979 ) of the Manual of Symbols and Terminology for Physicochemical Quantities and Units (Green Book). Recommendations in the field of chemical thermodynamics were contained in two appendices to this manual: appendix I on "Activities and related quantities", and appendix IV on "Notation for states and processes and the significance of the word standard in chemical thermodynamics".
In 1988, a completely revised and extended version of the Green Book was published under the title Quantities, Units and Symbols in Physical Chemistry; a revised edition of which was published in 1993. The extensions include a substantial part of Appendix IV.
In anticipation of these developments, the Commission on Thermodynamics decided at the IUPAC General Assembly at Lyngby in 1983 to start the preparation of a new document on chemical thermodynamics with the following aims:
1. to combine the closely related topics of Appendix I and Appendix IV in one publication, 2. to give a more extended treatise on the thermodynamic basis of equilibrium constants, and 3. to adjust the text in view of the content of the new Green Book and by introducing examples.
A Task Group was established at the 1986 meeting of the Commission in Lisbon, whose membership is printed on the preceding page.
INTRODUCTION
The chemical potential pB of a substance B in a mixture of substances B, C, . .
is related to the Gibbs energy G of the mixture by
where T is the thermodynamic temperature, p is the pressure, and n B , nc, ---are the amounts of substance of B, C, -. e . For a pure substance B, the chemical potential , u L ; E ) is given by where GL is the molar Gibbs energy, and where the superscript * attached to a symbol denotes the property of the pure substance. The superscript or O attached to a symbol may be used to denote a standard thermodynamic quantity.
Consequently, the standard chemical potential of substance B may be written as p i or p i , but in this document the superscript 9 has been used to denote standard thermodynamic quantities.
The word mixture is used to describe a gaseous or liquid or solid phase containing more than one substance, when the substances are all treated in the same way. It is sometimes convenient to treat a mixture of constant composition, such as air, as a pure substance.
The word solution is used to describe a liquid or solid phase containing more than one substance, when for convenience one (or more) substance, which is called the solvent, is treated differently from the other substances, which are called solutes. When, as is often but not necessarily the case, the sum of the mole fractions of the solutes is small compared with unity, the solution is called a dilute solution.
In the definitions given in Section 5, the solvent substance is denoted by A and the solute substances by B, C, ---. (Note a) The superscript 00 attached to the symbol for a property of a solution denotes the property in the limit of infinite dilution.
The nomenclature and notation used in this document are consistent with the recommendations given in "Quantities, Units and Symbols in Physical Chemistry" (ref. l ) , the rUPAC "Green Book", and I S 0 31/8 (ref.
2).
Note a: The solvent is often denoted by the subscript 1 and the solutes by the subscripts 2, 3, . a * . The standard chemical potential is defined in terms of a specified state of aggregation, a specified temperature, and an arbitrarily chosen but specified standard pressure. For a solute substance in a solution {see section 5(a)) an arbitrarily chosen but specified standard molality is also required. Other standard thermodynamic quantities are obtained from the standard chemical potential by the usual mathematical operations.
STANDARD THERMODYNAMIC QUANTITIES
For example, the standard molar entropy SE of a substance B is defined by Sg(z, 2') = -dpg(z, T)/dT, where z denotes the state of aggregation.
For a specified standard pressure, and in the case of a solute for a specified standard molality, all standard thermodynamic quantities are independent of pressure and composition, but they remain functions of temperature. Consequently, standard thermodynamic quantities are often required at many temperatures. Notwithstanding the above, the word "normal" in for example 'hormal boiling temperature" continues to mean the value at a pressure of 101325 Pa.
The standard molality is denoted by m e and for standard thermodynamic quantities the recommended value, which is used almost exclusively, is 1 mol kg-l. Nevertheless, the value of me adopted should always be stated when the numerical value of any standard thermodynamic quantity of a solute is given. If the amount-of-substance concentration cB is used in place of molality then the value adopted for the standard concentration C* should always be stated when the numerical value of any standard thermodynamic quantity of a solute is given; the recommended value for standard thermodynamic quantities is ce = 1 mol dm-3.
In sections 3 t o 5, definitions are given for the standard chemical potential of a substance B in the following states of aggregation: gas phase whether pure or mixed, condensed phase whether pure or mixed, solvent substance in a solution, and solute substance in a solution. The term "standard state'' is often used to imply the values of the standard thermodynamic functions that are taken as a reference, but, for gaseous substances and for solute substances in solution, the standard chemical potential does not correspond to conditions that can be achieved experimentally. (Note c) However, the difference (pB -pg), between the chemical potential of substance B
and its standard chemical potential for the same temperature and state of aggregation, can always be calculated and measured using the definitions of sections 3 to 5. Standard methods may be used to determine more general differences in chemical potential.
Sections 3 t o 5 also give definitions for additional quantities that represent differences in chemical potential that are especially important for a particular state of aggregation. Consequently, fugacities and virial coefficients are introduced in the discussion of gases so that the dependence of the chemical potential on pressure can be represented succinctly. For condensed phases and solutions (where the dependence of the chemical potential on composition is often more important than the dependence on pressure) activities, activity coefficients, and osmotic coefficients are introduced. All of these quantities may be determined experimentally or calculated from appropriate theories.
GASES AND GASEOUS MIXTURES
The partial pressure pB of a substance B in a gaseous mixture is a quantity with the same dimension as pressure defined by where yB is the mole fraction of B in the gaseous mixture and p is the pressure.
Equation (6) is the definition of partial pressure recommended by IUF'AC (ref. 1) and has the important property that CBPB = p. However for a real gas, yBp could not be obtained from the rate of change of momentum through collisions at a wall of known area and, in this sense, yBp is not a true pressure. To avoid ambiguity,
~~~
Note c: The "standard states" for gaseous and for solute substances in solution have been described as hypothetical.
partial pressure pB is not used again in this document.
The standard chemical potential pg of a gas B, whether a pure substance or a component of a gaseous mixture, is defined by where y denotes the set of mole fractions YB , yc, * * of B, C, ---, pe is the standard pressure, and VB = VB(g, T , p , y) is the partial molar volume of B. The integral in equation (7) results from the pressure dependence of the chemical potential and is of central importance in the study of gases; for a perfect gas mixture the integrand in equation (7) is zero.
The fugacity f B of the gas B in a gaseous mixture containing mole fractions yB, yc, ... of the substances B, C, is a quantity with the same dimension as pressure defined by
The symbol @ is sometimes used in place of f t o denote fugacity especially when the discussion also involves the activity coefficients (see section 4) of substances in a liquid mixture.
It follows from the definitions of pg and of f B that the chemical potential p B of a gas B in a gaseous mixture is given by
The ratio f B / ( y B p ) , sometimes denoted by the symbol 4B, may be called the fugacity coefhcient of the gas B. It follows from the definition of f B that A perfect gas mixture of B, C, -* . is defined as one for which
The fugacity of a substance B in a liquid mixture may be defined by an equation similar to (8) but with liquid mole fraction X B in place of gaseous mole fraction yB and the partial molar volume V B = VB(1, T , p , z ) of the substance B in the liquid mixture in place of vB(g, T , p , y).
When YB = 1, the definitions given in this section for a gas B in a gaseous mixture reduce to those for a pure gas. Consequently for a pure gas B, the fugacity fz is defined by where V : = V,'(g, T , p ) is the molar volume of the pure gas B, and the chemical
is given by It follows from the definitions of fi that A pure perfect gas B is defined as one for which pV = nBRT. Consequently f,* = p for a pure perfect gas B. (22) and (24) is neglected.
For example, if Ipe -pl < 100 kPa, then the contribution of the integral to equations (22) and (24) is usually less than about 10 J mol-l, which is small compared with (pB -pg) rz -1700 J mol-1 for an ideal mixture with zB = 0.5 at ambient temperature.
The definition (22) 
where z denotes the set of mole fractions zB, zc, * * *.
It follows from the definitions of pz and f B that the chemical potential p~g of the substance B in the mixture is given by p B (cd, T , p, z) = (cd, T ) + R T I n ( X B f B ) -1' ' v : dp is called an ideal mixture when a B = t g , Additional quantities are sometimes used to describe the (gas + liquid) equilibrium of a mixture. The Henry's l a w c o n s t a n t k H , B of a substance B in a liquid mixture is a quantity with the same dimension as pressure defined by where llB is the fugacity of the substance B in the gaseous mixture and zB is the mole fraction of B in the liquid mixture; here the alternative (ref. 1) symbol fi has been used to denote fugacity to avoid any confusion with the use of f to denote activity coefficient. It is important to note that Henry's law applies to a substance B at high dilution (zB + 0) in a liquid mixture. By contrast, with the composition limit t B + 1, equation (28) becomes where f i : is the fugacity of the pure gas B. Since equations (28) and (29) refer to a (gas + liquid) equilibrium, the fugacities fiB and fii are evaluated at the vapour pressure of the mixture or of the pure fluid B. If the pure gas B is a perfect gas, then fiB = pi", where pi" is the vapour pressure of pure B, and equation (29) becomes a statement of Raoult's law.
In general, the activities and activity coefficients defined in this section for a substance in a mixed condensed phase are functions of temperature, pressure, and composition. Vp dp
The name activity coefficient with the symbol Y~,~ may be used for the quantity defined in a way similar to yB but with amount concentration cB in place of molality mB and a standard concentration ce in place of the standard molality me.
The activity uB of a solute B in a solution (for example in a dilute liquid sohtion) containing molalities mB, mc, * . + of solutes B, C , -+ . The name relative activity is sometimes used instead of the name activity for this quantity.
It follows from the definitions of yB and uB that and that
The name activity with the symbol u~,~ may be used for the quantity defined in a way similar to uB but with concentration cB in place of molality mB and a standard concentration ce in place of the standard molality me.
A solution of solutes B,,C, * -* in a solvent A is called an ideal-dilute solution when U B = mB/me, U C = mc/me, * * or y B = 1, yc = 1, . -.. In general, the activities, activity coefficients, and osmotic coefficients defined in this section for solutes and solvents are functions of temperature, pressure, and composition.
COMPOSITION VARIABLES AND ACTIVITY COEFFICIENTS
Sometimes the same mixed condensed phase will have been studied by one group of workers as a mixture and by another group as a solution, and the results must be adjusted before the different measurements can be compared. The mole fraction xA of the solvent A in a solution containing molalities mB = nB /(nAMA) , a mixed condensed phase is the same whether the phase is treated as a mixture with the composition described in terms of mole fraction, or as a solution with t,he composition described in terms of molality, or as a solution with the composition described in terms of concentration.
EQUILIBRIUM CONSTANT
The standard equilibrium constant K e for a chemical reaction is defined by R T l n { K e ( T ) ) 
B which has the dimension of (pressure)xB*, is often used. At constant temperature, Kp may be approximately constant, especially at low pressures where which is independent of pressure but need not equal Ke.
The standard equilibrium constant for a reaction in a condensed phase is given by
where XB and fB are the mole fraction and activity coefficient of the substance B in the reaction mixture at equilibrium; V i is the molar volume of pure substance B.
Often, especially when p M p e , the pressure integral is small and the quantity it is not possible t o define a standard equilibrium constant Ke(solution, 7') for a reaction in solution when the composition of the solution is described in terms of concentration.
In practice, many chemical reactions involve more than one phase, and the expressions for the standard equilibrium constant are necessarily more complicated than those given above for reactions in a single phase. Since it is not possible to consider all combinations, the general procedure is illustrated here by a single example.
The chemical reaction:
kH2(g) + AgCl(s) + H20(1) = H30s(aq) + Cl-(aq) + Ag(s)
involves four phases and may be studied using a galvanic cell. The standard equilibrium constant contains a term from equation (49) If the volumes of the condensed phases are independent of pressure, then the contribution of the integral to K e is a factor which is often negligible.
At 298.15 K , the second virial coefficient of H2 is about 15 cm3 mol-l and, using equation (20) , the fugacity coefficient $H2 for H1 is
